Abstract: Large variations occur in actual meteorological conditions according to the time and place, on which the atmospheric absorption of sound depends strongly. To examine the temporal variability of atmospheric sound absorption during the year, the attenuation coefficients for atmospheric absorption were calculated from meteorological data in various world regions. The hourly meteorological data at 10 international airports and the half-daily aerological data obtained at 3 observatories were used in the calculation. The results show that significant differences in atmospheric absorption with the place can be found. The seasonal changes in the attenuation coefficients depend on both the frequency of the sound and the place. In addition, the effects of atmospheric absorption on aircraft noise propagation were examined by performing simple simulated calculations. The Aweighted sound pressure levels and sound spectra of aircraft noise change instantaneously owing to atmospheric absorption, which depends on actual meteorological conditions.
INTRODUCTION
Outdoor noise propagation is strongly influenced not only by the reflection and diffraction of sound waves but also by the refraction of sound waves owing to wind and temperature gradients and atmospheric sound absorption. We have been focusing on the natural variability of atmospheric sound absorption, which depends on air temperature and humidity. For long-range sound propagation, atmospheric absorption can have a significant impact on the sound pressure level at a receiver. For this reason, it is necessary to examine the magnitude of the fluctuation in atmospheric absorption to predict outdoor sound propagation more accurately.
Wilson and Thomson [1] assessed the fluctuation ranges of atmospheric absorption for daily, monthly and seasonal time scales. The meteorological data used in the calculation were recorded at one station in the United Sates. Larsson [2] reported mean, maximum and minimum values of the attenuation coefficients for atmospheric absorption calculated using hourly data over 30 years at 6 stations in Sweden. The authors [3] [4] [5] have also examined the variability characteristics of atmospheric absorption during the year by calculation using meteorological data obtained at 14 observatories in Japan. Thus, sound attenuation by atmospheric absorption has been investigated under meteorological conditions in several countries. However, the actual meteorological data vary significantly throughout the world and the effect of atmospheric absorption on outdoor noise propagation is expected to be modified by the meteorological conditions in each region.
In this study, the attenuation coefficients for atmospheric absorption were calculated not only from meteorological data near the ground but also from those at high altitudes in various world regions [6, 7] . In addition, to examine the range of annual fluctuation in the A-weighted sound pressure levels of aircraft noise caused by atmospheric absorption, we focused on the smaller and higher sound levels that occur with a 5% probability within the year and investigated the 90% range of the annual fluctuation of the attenuation coefficients and sound pressure levels.
CALCULATION METHOD
The attenuation of sound by atmospheric absorption depends on its frequency, the air temperature, relative humidity and atmospheric pressure. The theoretical foundation for atmospheric absorption has evolved from the early work [8, 9] in the 1930s to the current thorough understanding of the mechanisms, allowing the development of national (ANSI S1.26 [10] ) and international (ISO 9613-1 [11] ) standards for the calculation of atmospheric absorption. Figure 1 shows the attenuation coefficients for atmospheric absorption at frequencies of 250 Hz, 1 kHz and 4 kHz for different temperatures and relative humidities. The attenuation coefficient is calculated by the method described in ISO 9613-1 and is expressed in dB/km in accordance with the standard. The attenuation coefficient increases with decreasing relative humidity, as a whole. However, at middle frequencies such as 1 kHz, the opposite tendency can be seen at temperatures from 20 to 30 C.
Meteorological Data
The meteorological data used for calculating the attenuation coefficient were from the Aerodrome Routine Meteorological Report (METAR) [12] issued by 10 international airports and the aerological data observed at 3 observatories for the whole of 2002. Figure 2 and Table 1 show the examination objects in the northern hemisphere, where the monthly changes in air temperature exhibit similar phenomena. The location and elevation of each station were obtained from the web site of the National Oceanic and Atmospheric Administration (NOAA) [13] .
METAR is the international standard code format for describing meteorological elements such as wind, temperature, dew point and QNH (pressure at a height of 3 m above sea level) observed at hourly or half-hourly intervals. Temperature and dew point are measured at heights from 1.25 to 2 m above the ground. The hourly data used in the calculation were temperature, relative humidity calculated from the temperature and dew point, and the atmospheric pressure at the aerodrome elevation estimated from QNH. The calculation methods for humidity and pressure were based on the Guide on Aeronautical Meteorological Observation [14] . On the other hand, the aerological data are observed regularly at 0:00 and 12:00 UTC (Coordinated Universal Time) by using radiosonde measurement, which is the unified method throughout the world [15] . The latitude of the target region is around 40 degrees and the climate is temperate, whereas the observation local time in each region is different, as presented in Fig. 2 . The radiosonde measurement provides vertical profiles of meteorological data as a function of height above the ground level. The meteorological data used in the calculation were temperature, relative humidity and atmospheric pressure at altitudes of up to 3 km.
These meteorological data at the ground and high altitudes can be downloaded from the web sites of NOAA [15] , the University of Wyoming [16] , Weather Underground, Inc. [17] and so forth.
CALCULATION BASED ON HOURLY
DATA AT GROUND 3.1. Meteorological Conditions First, to determine the characteristics of meteorological conditions for each region, the mean temperature and mean relative humidity were calculated in the summer (Jul. and Aug.), the winter (Jan. and Feb.) and throughout the year. Figure 3 shows the mean temperature and relative humidity for each period. The climate in Beijing (PEK) and Anchorage (ANK) is cold, and the mean temperature in the winter was less than 2 C. In particular, large differences in meteorological conditions between the summer and winter can be recognized in Beijing as compared with the other regions. The climate in Las Vegas (LAS) is hot and dry. The mean humidity in the winter was 32% and that in the summer was 21%. On the other hand, the meteorological conditions in Singapore (SIN), where the climate is typically tropical and humid, are maintained with little variation throughout the year. The annual mean values of temperature and humidity were 28 C and 82%, respectively. Thus, a large variation occurs in the actual meteorological conditions according to the place. Figure 4 shows examples of the calculated attenuation coefficients at frequencies of 1 and 4 kHz for each region. The comparison between the coefficients in the summer and winter is also presented in the figure. The percentage of acquired data was over 97% of all data (24 h Â 365 days = 8,760, see Table 2 ) for transmission errors or periodical inspections. The attenuation coefficients for all regions except for Singapore vary appreciably during the year, while the magnitude of the fluctuations depends on the place. Concerning the seasonal changes in atmospheric absorption, the attenuation coefficients at a frequency of 4 kHz are higher in the winter than in the summer for almost all the regions, whereas the magnitude relation between both values at a frequency of 1 kHz depends on the place. Consequently, the seasonal changes in the characteristics of long-range noise propagation caused by atmospheric absorption vary with the dominant frequency components of noise and local meteorological conditions. The annual mean attenuation coefficients for each frequency are presented in Table 2 . Differences in the attenuation coefficients with the place can be seen at frequencies of 1 kHz and above. For example, the attenuation coefficient at 2 kHz was 19.07 dB in Las Vegas and 9.34 dB in London (LHR). The attenuation coefficient in Las Vegas was almost twice as large as that in London. In addition, the calculated attenuation coefficients under the standard atmospheric condition (25 C, 70%), which is usually used in the prediction and evaluation of aircraft noise [18] , are shown in Table 2 . In tropical regions such as Singapore, the annual mean attenuation coefficients are similar to the values calculated under the standard condition. On the other hand, the difference at 2 kHz reaches 8.7 dB and that at 4 kHz reaches 37.3 dB in Las Vegas.
Annual Fluctuation of Atmospheric Sound Absorption
Next, the 90% range of the attenuation coefficients during the year was calculated. Typical examples of the results are presented in Table 3 90% range of the attenuation coefficients at 2 kHz was 4.30 dB in London, compared with 17.68 dB in New York (JFK) and 30.18 dB in Beijing.
To compare the representative atmospheric absorption in different regions, this investigation focused on evaluating the annual mean attenuation coefficient calculated from hourly meteorological data. In the case of regions with large variations of the attenuation coefficient (e.g., PEK and LAS) or coefficients at high frequencies of 2 kHz and above (see Table 3 and Fig. 4(b) ), it should also be necessary to examine the modal value of the coefficient distribution instead of the mean value during the year because the shape of the coefficient distribution depends strongly on seasonal changes in meteorological conditions [4] .
Effect of Atmospheric Absorption on Noise Prop-
agation over the Ground To examine the effect of atmospheric absorption on aircraft noise propagation over the ground, the annual fluctuation of aircraft noise was estimated using the attenuation due to geometrical spreading and atmospheric absorption in the range of frequency from 63 Hz to 4 kHz. The A-weighted sound pressure levels of noise propagating from an aircraft during takeoff were calculated at horizontal distances of 200, 400, 800, 1,600 and 3,200 m from the source. The average apparent sound power spectrum of 14 aircraft (B-767, climbing) was used in the calculation, as presented in Table 4 [5] . This spectrum of aircraft noise was estimated from the measured maximum sound pressure levels, considering the attenuation due to geometrical spreading and atmospheric absorption. The measurement points for the sound levels and meteorological data were set at a height of 1.5 m above the ground directly under the flight path during takeoff. The flight altitudes during the measurement were in the range from 209 to 343 m.
Calculation results of aircraft noise
The calculated annual mean and 90% range of the A-weighted sound pressure levels are shown in Fig. 5 . The broken lines in the figure indicate the values calculated from the attenuation coefficients under the standard atmospheric condition (25 C, 70%) as presented in Table 2 . The differences between the annual mean levels and calculated levels under the standard condition are less than 2 dB. Consequently, from an engineering perspective, the standard temperature and relative humidity can be used to predict the annual mean A-weighted sound pressure level of aircraft noise propagating over the ground.
On the other hand, the annual fluctuation of aircraft noise caused by atmospheric absorption was varied according to the place. For example, the 90% ranges of the A-weighted sound pressure levels at the receiving points were almost 2 dB in Narita and from 3 to 4 dB in Beijing, although the range was less than 1 dB in Singapore. Figure 6 shows typical examples of the variation in the sound spectra of aircraft noise originating from atmospheric absorption in Beijing and Singapore. The sound spectra of aircraft noise vary strongly owing to changes in the actual atmospheric absorption during the year. In almost all the regions such as Beijing, the A-weighted sound pressure levels at a distance of 200 m are dominated by the high-frequency components which are strongly affected by atmospheric absorption. For this reason, the 90% range of the A-weighted sound pressure levels (O.A.) at a distance of 200 m is almost the same as that at a distance of 1,600 m. Thus, the variation in the A-weighted sound pressure levels of aircraft noise does not always increase monotonically with increasing horizontal distance from the source, as shown in Fig. 5 . It should be noted that the variability characteristic of the sound levels originating from atmospheric absorption depends on the power spectrum of the source.
CALCULATION BASED ON DATA AT HIGH ALTITUDES

Meteorological Conditions
The attenuation coefficients for atmospheric absorption were calculated from aerological data at altitudes of up to 3 km above the ground level to examine the effect of vertical profiles of meteorological conditions on atmospheric absorption. The meteorological data used in the calculation were temperature, relative humidity and atmospheric pressure at 3 aerological observatories whose latitudes are representative of the international airports included in the previous section (See Fig. 2 ). Figure 7 shows examples of the vertical profiles of meteorological data obtained at Upton, NY. The complicated profiles of temperature and relative humidity appeared under actual atmospheric conditions. These profiles were observed with a radiosonde, which is an expendable instrument package suspended below a large balloon. As the radiosonde is carried aloft, the observation point depends on the atmospheric conditions (e.g., wind speed and rainfall) during the flight. The average number of observation points on the vertical profile of the meteorological data was 1.6 up to 100 m altitude and 12.6 up to 3 km altitude. In this study, the attenuation coefficients were calculated using meteorological data ( ), whose profiles were divided into 50 m intervals up to 500 m altitude, 100 m intervals up to 1 km altitude and 500 m intervals up to 3 km altitude, as plotted in the figure.
The mean temperature and mean relative humidity at the ground level and a height of 2 km are shown in Fig. 8 . The annual mean values of temperature and relative humidity at the ground level were around 12 C and 78%, respectively. The seasonal changes in the meteorological conditions for each region were similar to those (LHR, JFK and NRT) presented in Fig. 3 . On the other hand, the annual mean temperature at a height of 2 km was almost 10 C lower than that at the ground level, as a whole, and the annual humidity decreased to approximately 60%. Hence, large variations in actual meteorological conditions with the altitude were found. Figure 9 shows vertical profiles of meteorological data and the attenuation coefficients at frequencies of 250 Hz, 1 kHz and 4 kHz during the year, summer and winter at Upton. The percentage of acquired data was 99% of all data (2 h Â 365 days = 730, see Table 5 ). It can be seen that the profiles of meteorological data and the attenuation coefficients vary strongly during the year. In addition, the variation in the attenuation at all frequencies in the winter is considerably greater than that in the summer, especially at altitudes of less than 2 km.
Annual Fluctuation of Atmospheric Sound Absorption
The annual mean attenuation coefficients for each frequency at the ground level and a height of 2 km are presented in Table 5 . The atmospheric absorption at high altitudes tends to be larger than that at the ground level regardless of the region, while the observation local times are different with the place. For all frequencies, statistically significant differences between the attenuation coefficients at the ground and those at a height of 2 km can be recognized at the p < 0:05 level.
The 90% range of the attenuation coefficients during the year was calculated to examine the difference in the variability of atmospheric absorption with altitude. Table 6 shows the results at the ground level and at a height of 2 km. The attenuation coefficients at a height of 2 km are highly variable as compared with those at the ground level for all regions because the temperature at high altitudes is low and the relative humidity varies drastically, as shown in Fig 1. For example, at Upton, the 90% range of the coefficients at 2 kHz was 17.01 dB at the ground level and 31.22 dB at a height of 2 km; the latter is 1.8 times as large as the former. As a reference, the annual mean and fluctuation range of the attenuation coefficients at the ground level were almost the same as those calculated from hourly data at airports (LHR, JFK and NRT), as presented in Tables 2 and  3 , whereas the numbers of data are considerably different between them.
Effect of Atmospheric Absorption on Air-to-
Ground Noise Propagation The A-weighted sound pressure levels of aircraft noise during takeoff were calculated using the attenuation due to geometrical spreading and atmospheric absorption at altitudes of up to 3 km. The sound power spectrum of the source was the same as that used in Sect. 3.3. In this calculation, the source was set at heights of 200 m, 500 m, 1 km, 2 km and 3 km, and the sound power level was assumed to be the same regardless of the altitude, even though the actual power level depends on the flight conditions at each altitude. 4.3.1. Calculation results of aircraft noise Figure 10 shows the A-weighted sound pressure level at a height of 1.5 m calculated from the attenuation coefficients during the year at Upton. The annual mean and 90% range of the sound levels and the calculated levels under the standard atmospheric condition (25 C, 70%) are plotted additionally in the figure. The A-weighted sound pressure level changes instantaneously owing to atmospheric absorption, while the differences between annual mean values and the levels calculated under the standard condition are less than 1 dB. In addition, the sound levels in the winter are much more variable than those in the summer.
It is generally difficult to obtain meteorological data at high altitudes of up to several thousand meters at locations where aircraft noise is predicted or assessed. In such a case, the sound pressure levels of aircraft noise are estimated by using the attenuation coefficients calculated from meteorological data near the ground. To investigate the magnitude of the fluctuation in aircraft noise due to atmospheric absorption at high altitudes, the 90% ranges of the Aweighted sound pressure levels considering the meteorological data from the ground up to the source height were compared with those calculated using only the attenuation coefficients at the ground level. Figure 11 shows the results plotted against the source height for each region. The fluctuation ranges of aircraft noise considering only atmospheric absorption near the ground were from 1 to 3 dB, which is similar to the results (LHR, JFK and NRT) described in Sect. 3.3. It should be noted that some differences in the observation time and place are included in these calculated results. On the other hand, the fluctuation ranges of aircraft noise considering atmospheric absorption at high altitudes increase with increasing source height because the temporal variability of atmospheric sound absorption is larger than that at the ground level.
DIFFERENCE ACCORDING TO YEAR OF MEASUREMENT
In this report, the attenuation coefficients for atmospheric absorption were calculated using meteorological data observed in 2002, while the calculated values may vary with differences in meteorological conditions according to the year of measurement. The differences between the attenuation coefficients calculated from data in 2002 and 1991 [3, 5] were investigated. Table 7 shows the results for the attenuation coefficients at the ground level and a height of 2 km at Tateno. The symbol ( Ã ) indicates a significant difference among them at the p < 0:05 level. As a whole, no major differences are found between the attenuation coefficients calculated from the data in 2002 and 1991 [5] , whereas a statistical difference between them at a height of 2 km can be seen depending on the frequency of the sound.
As a reference, the annual mean attenuation coefficients in Narita (NRT) were compared with those calculated using hourly data collected at a surface observatory in Tokyo for the whole of 1991 [3] because meteorological data (METAR) at airports for 1991 could not be obtained. Although the distance between them is more than 50 km, the attenuation coefficients in both regions are similar, as shown in Table 8 .
Hence, no marked difference in atmospheric absorption according to the year of measurement was confirmed, while a detailed examination of annual changes in atmospheric absorption based on the latest meteorological data should be carried out for each world region.
CONCLUSION
The authors have calculated the attenuation coefficients for atmospheric absorption from actual meteorological data in various world regions during the year. To examine the annual fluctuation of aircraft noise propagation caused by atmospheric absorption, simple simulated calculations were performed. As a result, the variability characteristics of the attenuation coefficients for atmospheric absorption depend strongly on local meteorological conditions. The attenuation coefficients for all frequencies at high altitudes tend to be larger than those at the ground level. Concerning the seasonal changes, the attenuation coefficients in the winter are much more variable than in the summer, whereas the magnitude relation between both values depends on the frequency of the sound. In addition, the A-weighted sound pressure levels of aircraft noise change instantaneously owing to atmospheric absorption under actual meteorological conditions. The fluctuation range of the sound levels at the ground level increases with increasing source height. However, the standard meteorological condition (25 C, 70%) can be used to approximately predict the annual mean A-weighted sound pressure level of aircraft noise from an engineering perspective. Furthermore, a detailed examination of the difference in atmospheric absorption according to the year of meteorological observation will be necessary in the future in consideration of global climate change. 
